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Abstract
The Hall-type accelerator with closed Hall current and open (that is unbounded
by metal or dielectric) walls was proposed and considered both theoretically and
experimentally. The novelty of this accelerator is the use of a virtual parallel surface
of the anode and the cathode due to the principle of equipotentialization of mag-
netic field lines, which allows to avoid sputtering of the cathode surface and pre-
serve the dynamics of accelerated ions. The formation of the actual traction beam
should be due to the acceleration of ions with the accumulated positive bulk charge.
A two-dimensional hybrid model in cylindrical coordinates is created in the frame-
work of which the possibility of creation a positive space charge at the system axes
is shown. It is shown that the ions flow from the hump of electrical potential can
lead to the creation of a powerful ion flow, which moves along the symmetry axis in
both sides from the center.
Keywords: Hall thruster, accelerator with closed Hall current, plasmaoptical
system, plasma lens, low temperature plasma, space charge, ion flow, crossed
electric and magnetic fields
1. Introduction
The realization that outer space is becoming an integral part of our earthly
existence becomes commonplace. Hundreds of all kinds of spacecraft (maneuver-
able and marching), plow the vastness of the vast space. The moving force of such
spacecraft has become the electric propulsions different kinds. Traditionally, Hall
thrusters (plasma accelerators with closed Hall current and metal or dielectric walls
[1–4] attract a special attention of the electric propulsion community. Remarkably
high efficiency, simplicity, and potential durability make the Hall thruster one of
the primary candidates for miniaturization and application in small communica-
tions satellites and using for primary propulsion in deep-space scientific missions.
Hall thrusters inherit coaxial geometry for which the material of the annular cham-
ber walls significantly affects the plasma discharge properties and erosion of the
dielectric walls. In order to avoid erosion developers, try to create modified wall less
accelerator constructions [5, 6]. But these attempts while are not completed, quite
complicated and sound many skepticisms.
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One of the promising ways to avoid erosion issues is the separation of the
magnetic and electrical circuits of the accelerator, which is easier to do in the
cylindrical geometry. This principle was carried out and tested in the original Hall
type erosion-less accelerator on a laboratory stand at the Institute of Physics NAS of
Ukraine [7–10]. The novelty of the proposed idea is the use of a virtual parallel
surface of the anode to the cathode due to the principle of equipotentialization of
magnetic field lines. Which allows to avoid sputtering of the cathode surface. It was
shown the potential drop forms at the axis of system that can use for ion beam
formation and accelerating.
We describe the Hall-type accelerator with closed Hall current and open (that is
unbounded by metal or dielectric) walls that was proposed and considered both
theoretically and experimentally. A two-dimensional hybrid model in cylindrical
coordinates is constructed in the framework of which the possibility of creation a
positive space charge at the system axes is shown. It is shown that the ions flow
from the hump of electrical potential can lead to the creation of a powerful ion flow,
which moves along the symmetry axis in both sides from the center. The formation
of the actual traction beam should occur due to the acceleration of ions by the
accumulated positive bulk charge. Thus, such type of accelerator could sound
interest in manipulating high-current flow of charge particle as well as can be
attractive for many different high-tech applications and for potential elaborations
of low cost, compact and durability electric thrusters.
This article is the brief review of the current status an ongoing experimental and
theoretical research and simulations results of such kind accelerator based on the
axial-symmetric cylindrical electrostatic plasma lens configuration and the funda-
mental plasma-optical principles of magnetic electron isolation and equipotentia-
lization magnetic field lines.
2. Experimental setup and results
Experiments were carried out on a laboratory stand, the schematic diagram of
which is shown in Figure 1 on the left. Vacuum chamber 1 contained a test mockup
of the accelerator with open walls. The accelerator consisted of a magnetic core with
permanent magnets 2 and an electrode system with cylindrical anode 3 and cathode
4 formed by a system of pins. The experimental installation allowed a controlled gas
input, by usinCHA-2 system. The gas pumping was performed with the use of a
vacuum unit with an oil-vapor pump. The photo of the accelerator with anode layer
and open wall is shown in Figure 1 on the right.
As can be seen from the Figure 1 on the left, the cathode is composed of two
parts that are separated in space. The ends of the cathode pins coincide with the
magnetic surfaces that in area between them are parallel to the anode surface. The
application of the plasmaoptics principles to the design of a cylindrical accelerator
with anode layer and open walls allowed to create an accelerator with virtual
cathode that is parallel to the anode plane for its entire width and with cathode that
is several centimeters wide. That allows to form a wide flow of accelerated ions to
the system axis of symmetry. Due to that each part of the cathode is made in the
form of pins, the collecting surface area is significantly reduced, that reduces the
contribution of the cathode material in the flow.
The discharge in the system burns due to the working gas (argon) ionization by
the electrons. Electrons are magnetized and formed stable negative space charge.
The created ions are accelerated from the ionization zone towards the cathode.
The formation of the magnetic field is provided by a system of permanent
magnets located in the magnetic circuit. By selecting the number and polarity of the
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magnets in each system layer, it was possible to change the magnetic field geometry
in a wide range. In experiment the system of permanent magnets was arranged in
such a way that the magnetic field in the gap between the cathode and the anode
was parallel to system’s axis as much as possible. It was owing to this configuration
of the magnetic field that a system with open walls was created.
2.1 Experimental results
As mentioned above, the cathode is composed of two parts separated in space
and their edge coincide with magnetic field lines that are parallel to anode surface.
The magnitude of the magnetic field is such that Larmor radius of the electron is
much smaller than the system radius. Due to this, the principle of the equipotentia-
lization of magnetic field lines with accuracy up to the electron temperature works
[11]. Accordingly, a cylindrical virtual surface is formed between these parts, which
potential is close to cathode potential. Through the electrons drift in the crossed
electric and magnetic field ExH there is a closed Hall current and corresponding
space charge, that creates a layer near the anode surface where the main potential
drop occurs [12]. With the appearance of the Hall current in the perpendicular
direction, the electron current along E becomes small. In turn, the ions are almost
unaffected by the magnetic field, because the Larmor radius of the ion is more than
characteristic system size [2, 13]. Ions under the electric field influence, moving in
the cathode direction, converge to the center and are pushed out of the system along
the axis. The electrons exit speed from the system along the axis is quite small and is
compensated by the working gas ionization by these electrons. At low pressure,
ionization occurs between the anode and virtual cylindrical cathode. With increas-
ing pressure, the anode layer size can reach the radius of the system. The operation
modes of the accelerator also change [9].
The dependence of the current strength on the applied potential to the anode for
different working gas pressure were obtained experimentally. The results of the effect
of the change in the working gas pressure in the source volume on the discharge
current density for the low-current mode are shown in the Figure 2. For the presented
curves for different voltages, it can be seen that the current density little depends on
the gas pressure in the system for potentials up to 1,5 kV in the discharge gap.
This result can be explained by the assumption that the ionized particles con-
centration under these conditions does not depend on the working gas pressure.
This corresponds to the obtained theoretical results also.
Figure 1.
Left: Experimental setup; vacuum chamber (1), magnetic system (H= 650–750 Oe) (2), anode (3), cathode
(4). Right: Photo of the accelerator with anode layer and open walls.
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Note that the operation modes of this kind accelerator are very close to those of
the classical accelerator with an anode layer. There are two operation modes of this
kind accelerator. The first is low-current, with a clearly visible narrow radiating
layer between the anode and cathode, in the range of 104 Torr. The current
increases monotonically with increasing applied voltage (see Figure 3a). With
increasing pressure at a constant applied voltage, this layer gradually occupies the
entire volume of the accelerator. During this mode, the ions are mostly formed in a
narrow anode layer and move towards the system axis, hardly experiencing the
influence of a magnetic field. Accumulating on the system axis, they are pushed out
of the volume along it. The study of the distance changing influence between the
virtual cathode and anode showed the existence of the optimum. The maximum
current on the system axis is fixed at a distance d=10 mm between electrodes, as one
can see from Figure 3a.
In the second mode – high current, the discharge extends to the entire internal
system volume. When the voltage reached a certain value (U > 1,8 kV), the
Figure 2.
Dependence of current density on the pressure the chamber at different values of the voltage applied to the
discharge gap.
Figure 3.
Volt-ampere characteristic of the accelerator in low-current mode at a) different distance between the anode
and cathode at pressure 104 Torr and b) at different values of pressure in chamber.
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discharge current increased in a jump-like manner (see Figure 4a), and the dis-
charge transited into the high-current mode, in which the distinct anode layer was
absent. In this mode, a typical discharge current was several orders of magnitude
higher (up to 2 A, as can be seen from Figure 4) than in the low-current mode.
Thus, It is evident that the transition into the high-current mode occurs under the
influence of two factors: the working gas pressure (see Figure 3b) and the voltage
applied across the discharge gap (Figure 4).
Another characteristic feature of the high-current mode is the formation of a
plasma torch. At the discharge voltage U > 1,8 kV bright radiation is observed from
the system volume from the ends of the cylindrical channel along the rotation
symmetry axis (see Figure 5a). In the discharge concerned, ions are accelerated
along system’s radius towards system’s axis. The torches at the ends, on the con-
trary, are observed along the axis, perpendicularly to the radius and the direction of
initial ion acceleration.
Thus, owing to the discharge geometry, in space limited by electrodes of the
accelerator there is an accumulation of ion space charge like a lens with a positive
space charge, that was proposed earlier for negatively charged particles beam
focusing [14–17]. The generated ions reach the system axis and accumulate in the
region around it. Ions are stored in the cylinder volume until their own space charge
creates a critical electric field. This field forces ions to leave the volume. The main
part of the generated ions escapes from the system perpendicularly to its radius.
Due to this plasma torches are formed at the edges of the device, which are clearly
Figure 4.
Volt-ampere characteristic of the accelerator at different pressure in a) low-current mode b) high-current mode.
Figure 5.
a) Plasma jet from volume of thruster in high current operation mode. b) Floating potential dependence on the
pressure at the system edge.
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visible in high-current mode. The results of measuring the floating potential along
the axis of the system show that under certain conditions along the plasma torch
axis there may be a potential drop (see Figure 5b), which can be used to accelerate
the generated ions and form a charged particles beam.
Radial studies of the plasma flow coming out along the system axis in this device
at different pressures revealed a significant increase in current density on the axis
(see Figure 6). That fact may indicate the plasma acceleration in this direction. The
study of the dependence of the uncompensated current density on the accelerator
volume shows the existence of a maximum for a pressure of 6104 Torr. This
operation mode of the accelerator is mostly interesting for use as a prototype of the
ion-plasma small rocket engine.
Determination of the ion energy distribution function (see Figure 7a) in this
accelerator was performed by retarding potential method using a 3-line analyzer
(discharge current 1.5–2 A; voltage 1.5–2.1 kV; pressure in the range 104–103 Torr).
The research results showed the formation of a sufficiently monoenergetic beam with
of FWHM (as can be seen from Figure 7b), at the level of 10% of the average value
which reached two thirds of the anode discharge potential (in particular, at Uanode =
1.8 kV, E = 1.2 keV).
Figure 6.
a) Distribution of the current density along the system radius at the accelerator output. b) the dependence of
the current density on the system axis on the pressure in chamber at different values of potential at the anode.
Figure 7.
a) Ion energy distribution function ion energy distribution function (voltage 1.8 kV; pressure 3*104 Torr). b)
the dependence of FWHM (full width at half maximum) on the voltage applied to the anode.
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3. Theoretical model
3.1 One-dimensional hydrodynamic and hybrid model
3.1.1 Hydrodynamic model
To clarify the obtained experimental data, primarily a one-dimensional hydro-
dynamical theoretical model was developed (see Figure 8a). Here x-axis is directed
along the radius of the system. We have considered the discharge gap, where ions
production appear due to working gas ionization by electrons. Electrons are mag-
netized, move along magnetic strength lines and drift slowly to anode due to
collisions. Ions are free and accelerated by electric field move to the system axis.
The closed system of equations that describes such system in hydrodynamic
approximation in stationary state has the form:
je þ ji ¼ jd (1)
ji xð Þ ¼ eνi
ðx
0
ne xð Þdx (2)
























ϕ xð Þ  ϕ sð Þ
p (5)




here ji, je, ni, ne - are ion and electron current density and density consequently,




– electron transverse mobility, E - electric
field: E xð Þ ¼  dϕdx, ϕ - potential, νe is the frequency of elastic collisions with neutrals
and ions, ωeH – the electron cyclotron frequency, Te – electron temperature.
Figure 8.
a) Model of discharge gap: 1- anode, 2- cathode, 3- permanent magnets system; b) potential distribution in the
gap for different parameters a value.
7
The Emerging Field Trends Erosion-Free Electric Hall Thrusters Systems
DOI: http://dx.doi.org/10.5772/intechopen.99096
In the framework of this model, both exact analytical and numerical solutions
were obtained [7, 10]. Based on the idea of continuity of current transferring in the
system and assumption that the discharge current density in gap volume is the sum
of the ion and electron components are found exact analytical solutions describing
electric potential distribution along acceleration gap, if Te = const. It has the next
form in low-current mode:
ϕ ¼ a x 1ð Þ2  1
 
þ 1, (7)
where a is parameter equals a ¼ νid
2
2μ⊥ϕa
, d – gap length. The potential distribution
in the gap for different value of the parameter a is present in Figure 8b). It is found
under conditions when all electrons originated within the gap by impact ionization
only and go out at the anode due to mobility in transverse magnetic field, the
condition of full potential drop in the accelerating gap corresponds to equality gap
length to the anode layer thickness. In case when the gap length is less than anode
layer thickness, potential drop is not completed, and positive space charge domi-
nated. For case when the gap length is more than anode layer, potential drop
exceeds applied potential. This can be due to electron space charge dominated at the
accelerator exit. It was shown that potential distribution is parabolic for different
operation modes as in low-current mode well as in high current quasi neutral
plasma mode and weakly depends on electron temperature. For high-current mode
solution has form like expression (7):
ϕ xð Þ ¼ 1þ
a2
2 f 2
x 1ð Þ2  1
 
(8)





– describes impact of ion density. Note, that if a = 2f2 we
obtain (7). This condition can be rewritten in form:
τed
τ2id








– electron lifetime, τid ¼
d
vid
– ion lifetime. Indeed (9), is some
generalization condition of self-sustained discharge in crossed E  H fields taking
into consideration both electron and ion dynamic peculiarities.
To clarify the effect of electron temperature on the characteristics of
accelerating layer, it was assumed that the electrons received energy from the
electric field, thus Te ¼ β  φ, where 0<β≤1. In this assumption, the solution has
the form:
ϕ xð Þ ¼
a
1þ β
x x 2ð Þ þ 1 (10)
Consider a more complete description, assuming that heat loss occurs due to
different types of collision. Entering the characteristic time τ0 – energy loss by








If we assume that τ0 is equal to electron lifetime τed, we obtain:
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Thus, the second term in expression (3) disappears and we come back to the
solution (7). The numerical solution of system Eq. (1)–(6) showed that the electron
density changes extraordinarily little along the gap with typical operating parame-
ters, so our assumption about ne = const is justified.
So, even in such a simplified model, we obtain a result explaining the appearance
a space charge and finding the optimal length of accelerating gap. Nevertheless,
although the hydrodynamic model can well describe the dynamics of the electron
and ionic components, it does not make allowance for ionization state processes, as
well as the influence of neutral atoms in the working gas. A purely kinetic descrip-
tion cannot also be used because of a significant difference between the velocities of
electrons and ions. Therefore, a description using the hybrid model may be an
optimal decision.
3.1.2 Hybrid model
In the framework of this model [18, 19], the hydrodynamic description is used
for the electron component, and the kinetic description for the ionic and neutral
ones. This approach also allows the limited stay time of ions in the system to be
considered. A one-dimensional model was considered with regard for only the



















¼ ⟨σieve⟩ne f 0 (14)
here f0, fi – distribution function of neutrals and ions consequently, that satisfy
boundary conditions:










f 0 0, v, tð Þ ¼ 0, v<0; (15)
f i 0, v, tð Þ ¼ 0
In (13) and (14) right part expression is:





here σmax – maximal ionization cross-section, ve(Te) – average electron thermal
velocity, Ui – ionization potential.
For electrons we can use hydrodynamic model and to solve system (1)–(6),
where instead Eq. (2) and (5), the equations are used:
ji ¼
ð
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The numerical solution of the system of Eqs. (13)–(17) showed that in the station-
ary case the difference between two models is insignificant (see Figure 9a). A com-
parison between the results of both models obtained in model experiments testifies to
an insignificant influence of the neutral component of a working gas on the formation
of the potential drop across the discharge gap for the examined initial conditions.
To solve the Eqs. (13) and (14), we chose a time step that satisfies the condition
Δt< Δx=vimax, where Δx – spatial step, vimax – maximal ion velocity. The Figure 10
shows ion density changing in the gap during the time in high-current mode (under
applied anode potential equal 1200 V). At first ions number increases in near anode
region and remains almost constant in gap, then it increases almost linearly
throughout the gap and finally increases sharply at the cathode region.
Note that for correct description (especially high-current mode), it is necessary
to model ionization, collisions, and plasma creation, as well as motion of neutrals
and formed ions in the whole volume of accelerator, thus need consider
two-dimensional hybrid model.
3.1.3 2D-hybrid model and results
In the framework of this model the kinetic description is used in cylindrical
geometry for the ionic and neutral components and the hydrodynamic
Figure 9.
a) Comparison between the results of numerical calculations for the potential distribution in the discharge gap in
the hydrodynamic and hybrid models. b) Ions number dependence on r and z (r = 0, z = 0 – center of the system).
Figure 10.
Ion distribution in the gap on different time steps.
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one-dimension on each special layer zi<z<zi+1 description for the electron ones.


















¼ St f i,n
n o
(18)
We solved this equation by splitting on the Vlasov equation for finding trajecto-



















and to correct the found trajectories considering the collision integral, in




¼ St f i,n
n o
(20)























To solve these equations the PIC method [21] with Boris scheme [22] was used to
avoid singularities at the axis. For initial electric field distribution was taken electric
field in the plasma absence: E rð Þ ¼ Uarln rc=rað Þ. The Monte-Carlo method was used for
modeling of ionization in this field. The probability of a collision of a particle with
energy εj during time ∆t was found from expression [23]:







here σ(ε) – collision cross-section (elastic, ionization or excitation), nj – density
of similar particles at the point rj. To determine the probability of collision a random
number s is chosen from interval [0, 1] with the help of a random number genera-
tor. If s<Pj, then assumed that collision has occurred. It is determined by the ratio
of the cross-sections with the random number generator, which collision has
occurred – elastic, excitation, or ionization. In dependence of this particle parame-
ters change or new ion add in computational box. The evolution of all particles that
are in the modeling region is traced at each time step. For this motion equations
were solved, and new velocities and positions of the particles were found. Particles
that move out the modeling box boundaries are excluded from consideration. After
quite a long time particle density distribution was found. The ion charge density
and current density are calculated from coordinates and velocities particles
according to formulas:











, j r, tð Þ ¼
X
j







where R(r, rj) – usual standard PIC – core, that characterizes particle size and
shape and charge distribution in it. For a cylindrical coordinate system it has
form [24]:
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here Vi ¼ 2πrihrhz – volume of the cell, hr, hz – steps in the spatial coordinates.
After that the Poisson equation was solved and new electric field distribution
was found. Since electrons are magnetized, we consider their movement in radial
plane only, thus can solve for electrons one-dimensional hydrodynamic equations
on each layer at z separately. Solve it we find electron density, calculate electric field
on each layer and correct particle trajectories. After that the procedure was
repeated. Modeling time is large enough for establish of ion multiplication process.
The formation of the sufficient number of ions is possible due to magnetic field
presence, which isolates anode from the cathode. Ions practically do not feel the
magnetic field action and move from anode to the axis, where create a space charge,
first in the center of the system. Electrons move along the magnetic field strength
Figure 11.
Ion’s trajectories (calculation for Ua = 1 kV, H = 0.03 T) for different time step a) Nt = 50, b) Nt = 200.
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line, but due to collisions with neutrals, they start move across the magnetic field.
An internal electric field is formed which slow down the ions and pushes out them
from the volume along system axis. The Figure 9b shows results of modeling high-
current mode (Ua = 1.2 kV, pressure 0.15 Pa and magnetic field at the axis is 0.03 T).
In is shown how the ions number to axis increases when ionization process is
steady-state. One can see that number of ions increase not only to axis but along
axis from center to edge too. In Figure 11 the calculated ion trajectories for different
time steps are shown. One can see that the ions that appear due to ionization move
to center of the system. Coinciding on the system axis, they accumulate and create a
positive space charge, and then diverge along the axis in both directions under the
action of created own electric field. The ion space charge distribution for these case
is shown in Figure 12.
The electrons trajectories for this case are shown in Figure 13a. One can see that
the electrons are magnetized, moving along magnetic strength lines, and their
trajectories are almost parallel to the surface of the anode. The Figure 14 shows the
potential distribution for different time steps. One can see that at the beginning of
ionization, the potential drop is not complete in the gap and even has a negative sign
in the center of the system. With ions number increasing, they coincide in the
Figure 12.
Ion space charge for time step 70 (a) and 340 (b).
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center of the system and form a positive space charge cloud, the potential of which
even exceeds the applied potential Ua. This creates an electric field under which
ions begin to move along the axis of symmetry in both directions, from the center to
the edges, taking out with them part of space charge, reducing it in the center and
creating bulks of space charge at the ends of the system (see Figure 12).
If we look at the potential distribution along the z-axis, we see that the maxi-
mum potential with distance from the center first declines, but then gradually
begins to increase (see Figure 15). One can see that at a distance of 0.16 m from
system center maximum potential is 222 V(0.22 Ua), while at a distance 0.21 m it
is already 396 V, which is equal to 0.4 Ua, and current density of ion beam reached
0.7 mA/cm2. Thus, the formed ions, initially accumulating in the center of the
system, under action of own created electric field can accelerated and create a
powerful ion flux from both edges of the accelerator.
4. Conclusion
Our research of the accelerator with closed electron drift and open walls
demonstrates its similarity to the accelerator with anode layer and metallic walls
in the accelerator channel. The low-current operation mode with an anode layer
confined by the interelectrode gap and the high-current operation mode with
Figure 13.
Electron (a) and ions (b) trajectories in accelerator for H = 0.03 T.
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well-distinguishable plasma torches at system’s ends are obtained. The jump-like
transition between the modes is shown to occur under the influence of the anode
potential and the working gas pressure. In the low-current mode, the discharge
Figure 14.
Potential distribution for different time step: a) Nt = 10, b) Nt = 100, c) Nt = 300.
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current depends much stronger on the voltage applied across the discharge gap than
on the working gas pressure. A hybrid theoretical model was developed, and simu-
lation results on its basis are obtained. In the framework of this model the possibility
of creation a positive space charge at the system axes is shown. It is shown that the
ions flow from the hump of electrical potential can lead to the creation of a powerful
ion flow, which moves along the symmetry axis in both sides from the center.
Thus, it is shown the carried out theoretical and experimental explorations
demonstrate attractive perspective for further development and elaboration new
generation erosion-free Hall-type accelerators. This open up possibility to apply
kind improved devices like the space electric propulsions and tools for High-Tech
ion-plasma surface treatment of functional materials.
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